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Abstract

Sexuality as to its etymology presupposes the duality of sexes. Using quantitative neuroimaging
meta-analyses, we demonstrate robust sex differences in the neural processing of sexual stimuli in
thalamus, hypothalamus, and basal ganglia. In a narrative review, we show how these relate to the
well-established sex differences on the behavioral level. More specifically, we describe the neural
bases of known poor agreement between self-reported and genital measures of female sexual
arousal, of previously proposed male proneness to affective sexual conditioning, as well as hints of
unconscious activation of bonding mechanisms during sexual stimulation in women. In summary;,
our meta-analytic review demonstrates that neurofunctional sex differences during sexual
stimulation can account for well-established sex differences in sexual behavior.
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1. Introduction

In 1926, Freud noted that “the sexual life of adult women is a dark continent for
psychology” (Freud, 1926). Since then, a large regiment of scientists have sought to shed
light on human sexual behavior. But only recently have investigators been able to follow
through on James’ notion that “a certain amount of brain-physiology must be presupposed or
included in Psychology” (James, 1890), using modern neuroimaging techniques to explore
the neural underpinnings of sexual stimulus processing. Remarkably, the results of these
studies have been largely consistent with the Freudian concept of sexual drives (Freud, 1915;
for an overview, cf. Stoléru, 2014). The drive concept involves a motor factor representing
the urge of the so-called sexual instinct and satisfaction as the ultimate aim. It moreover
includes an object “in regard to which or through which the instinct is able to achieve its
aim”, which may be “a part of the subject’s own body”. Finally, it is characterized by the
assumption of a somatic source, i.e., a somatic process in an organ or part of the body, which
may be “of a chemical nature” (Freud, 1915).

Findings of two pioneering positron emission tomography (PET) investigations into cerebral
activity during visual sexual stimulation have been taken as the basis for a “neurobehavioral
model of sexual arousal” (Redouté et al., 2000; Stoléru et al., 1999). A later quantitative
meta-analysis of functional imaging studies on sexual arousal corroborated the validity of
the postulated model, therein referred to as “neurophenomenological model of sexual
arousal’ (Stoléru et al., 2012). On the basis of neuroimaging meta-analysis, four components
were distinguished as links between psychological as well as physiological processes and
neuroanatomy (Stoléru et al., 2012): 1) The cognitive component— comprised of appraisal
of a potentially sexual stimulus, increased attention, and motor imagery — is believed to be
mediated by the lateral orbitofrontal cortex (OFC), bilateral inferior temporal cortices,
superior and inferior parietal lobules (SPL/IPL), premotor and supplementary motor areas
(SMA), and the cerebellum. 2) The emotional component- i.e., pleasure associated with
rising arousal and with the perception of specific bodily changes — presumably results from
the interplay of the amygdala, posterior insula, and primary and secondary somatosensory
cortices. 3) The motivational component— composed of goal-directed behavior including the
perceived urge to express overt sexual behaviour — is assumed to arise from activity in the
anterior cingulate cortex (ACC), claustrum, posterior parietal cortex, hypothalamus,
substantia nigra, and ventral striatum. 4) These structures overlap with those of the
autonomic and neuroendocrine component— including various physiological responses
preparing for sexual behavior — which is thought to be mediated by ACC, anterior insula,
putamen, and hypothalamus.

Although this model sine qua non simplifies the complex processes involved in human
sexual behavior, its keystone elements — i.e. the delineation of a neural core circuit and
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neuroanatomical assignment of psychological and physiological components — have been
corroborated by other meta-analyses of brain activity during sexual stimulation (Kiihn and
Gallinat, 2011; Poeppl et al., 2014). Given its complexity, however, the phenomenon of
sexual excitement is very likely to originate from statistically dissociable neural networks
responsible for specific aspects of sexual behavior (Georgiadis and Kringelbach, 2012).
Accordingly, distinct brain networks underlying psychosexual (i.e., mental sexual) and
physiosexual (i.e., physiological sexual) arousal have been delineated by recent quantitative
meta-analyses (Poeppl et al., 2014). On the basis of these meta-analytic findings, a sequence
of sexual stimulus-driven processing has been proposed (Poeppl et al., 2014): A potentially
sexual stimulus is categorized through cognitive and memory-guided evaluation (lateral
prefrontal cortex [LPFC], hippocampus), which induces attention to focus on the sexual
target, so increasing top-down modulation of sensory processing (occipitotemporal cortex
[OTC], superior parietal lobules [SPL]). These processes are triggered by relevance
detection and affective evaluation (amygdala, thalamus). Based on initiated autonomic
responses (hypothalamus), the resulting sexual urge (basal ganglia) finally ends in the
awareness of sexual arousal (anterior insula). From this neural network of psychosexual
arousal, a network of physiosexual arousal was distinguished (Poeppl et al., 2014):
Autonomic and concomitant emotion regulation is reflected by activity in the subgenual
ACC (sgACC), while the anterior middle cingulate cortex (aMCC) controls the initiation of
(copulatory) behavior, i.e., action toward sexual urges. These in turn are represented
primarily in the putamen and claustrum as well as in the anterior insular cortex, where
awareness of both the rising sexual desire and the bodily reaction is engendered. To this end,
the insular cortex also integrates, in a posterior-to-anterior sequence, somatosensory
information from the operculum, which monitors the bodily changes during sexual arousal.
Two regions that connect both neural networks with potentially dissociable functions were
identified (Poeppl et al., 2014): The putamen might orchestrate the integration of
sensorimotor information in the context of rising sexual desire, while the claustrum may be
primarily responsible for crossmodal processing between and within the networks of sexual
arousal. Finally, this meta-analysis demonstrated brain deactivations during sexual
stimulation that suggested reduced metacognitive introspective and self-reflexive processing
(temporoparietal junction [TPJ], hippocampus, retrosplenial cortex [RSC]) as well as a
release of intrinsic inhibition of sexual arousal (inferior temporal sulcus [ITS], superior
temporal gyrus [STG]).

In the broader context of the human sexual pleasure cycle, a comprehensive review of the
pertinent brain imaging literature indicated that the functional neuroanatomy of sexual
behavior is comparable to that involved in processing other rewarding stimuli (Georgiadis
and Kringelbach, 2012). Moreover, this review concluded that sexual behavior can be
organized into the phases of wanting, liking, and satiety, on the basis of differential brain
network activity reflecting the stages of the human sexual response cycle (i.e., excitement,
plateau, orgasm, resolution) (Masters and Johnson, 1966). The underlying neuroanatomical
theory focuses on the OFC, which is assumed to receive input from somatosensory cortices
and to provide a multimodal perceptual integration of sexual stimuli. The resulting
potentially hedonic experience should be modulated by loops with other regions such as
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nucleus accumbens, ventral pallidum, hippocampus, amygdala, hypothalamus, as well as
somatosensory and visceral input from the genitals (Georgiadis and Kringelbach, 2012).

The major drawback of these theories derived from neuroimaging results is that they are
almost exclusively based on data from male subjects (Georgiadis and Kringelbach, 2012;
Kihn and Gallinat, 2011; Poeppl et al., 2014; Stoléru et al., 2012). Therefore, the introduced
models may only be accurate for men. Moreover, differences in the neural correlates of
sexual stimulus processing between men and women seem inevitable: Where else should sex
differences emerge if not in sexual behavior, given that sexuality (as to its etymology)
presupposes the duality of sexes (Devereux, 1982)? In fact, initial results suggested that men
and women differ in amygdala and hypothalamus response to visual sexual stimuli, even
when reporting equivalent sexual arousal (Hamann et al., 2004). Yet, these findings were not
consistent across studies, as a similar investigation could not locate differential effects in the
amygdala (Karama et al., 2002). Furthermore, sex differences in hypothalamic activation
disappeared when ratings of perceived sexual arousal were used as a covariate in the analysis
(Karama et al., 2002). Two pioneering studies on sex differences in neural sexual stimulus
processing thus yielded diverging results.

Since then, however, the number of studies investigating neural sexual stimulus processing
in women and corresponding sex differences has remarkably increased. A narrative review
of the relevant literature until 2010 suggested that “gender differences in brain responses to
visual sexual stimuli may not apply to other sensory modalities” (Stoléru et al., 2012).
Another comprehensive verbal review concluded that “there are no consistent and conclusive
gender differences in visual sexual stimuli-related brain processing between men and
women” (Georgiadis and Kringelbach, 2012). Mere reviews, however, run the risk of being
subjective and lack the capability of quantitative assessment. For an objective assessment of
interstudy concordance, automated meta-analyses that quantify the level of concordance and
allow identification of brain regions associated with significant convergence in a testable
manner are hence preferable. Activation likelihood estimation (ALE) as introduced to
neuroimaging by Turkeltaub et al. (2002) and subsequently refined (Eickhoff et al., 2009,
2012; Laird et al., 2005; Turkeltaub et al., 2012) meets these demands and represents the
most widely accepted approach for such quantitative integration of neuroimaging findings.

The following series of meta-analyses quantitatively reviews the relevant literature and
delineates neural networks for sexual stimulus processing in women. In addition, it
statistically and topographically assesses differences of these networks in comparison to
men. It has been noted that reported sex differences in brain processing of visual sexual
stimuli seem to be biased towards men, which may be attributed to a presumed greater role
of visual stimuli in male sexual behavior (Georgiadis and Kringelbach, 2012; Laumann et
al., 1994). Therefore, separate meta-analyses were performed focusing on visual sexual
stimulation and on sexual stimulation irrespective of sensory modality. These analyses
delineate the functional neuroanatomy of sexual processing in women and assess differences
to men in order to spot neurobiobehavioral sex differences in neural sexual stimulus
processing.
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2. Methods

2.1. Study selection

We applied a similar search and selection strategy as a previous meta-analysis on the
functional neuroanatomy of sexual stimulus processing in men (Poeppl et al., 2014). A
stepwise procedure to identify the relevant experimental studies was used. First, we selected
studies through a standard search in the PubMed (http://www.pubmed.gov) and ISI Web of
Science (http://apps.isiknowledge.com) databases using the terms “sexual” or “erotic” in
combination with “fMRI”, “functional MRI”, “functional magnetic resonance”, “PET”,
“positron emission”, “ASL”, “arterial spin labeling”, “MEG”, “magnetoencephalography”,
“neuroimaging”, or “imaging”. Second, further studies were found by means of the “related
articles” function of the PubMed database and by tracing the references from review articles
and the identified papers. Experiments were considered relevant when they were intended to
sexually stimulate (sexual vs. control condition) heterosexual subjects from non-clinical
populations, irrespective of the sensory modality. Only heterosexual subjects were
considered to avoid potential confounding by differences in sexual orientation. Additional
inclusion and exclusion criteria were as follows:

. Only studies reporting results of whole-brain group analyses with
coordinates referring to a standard reference space (Talairach-Tournoux or
Montreal Neurological Institute [MNI]) were included. Reports including
less than five subjects, results of region-of-interest analyses, and studies
not reporting stereotaxic coordinates were excluded.

. Only data from healthy subjects were included. Results from patients and
data from conditions focusing on pharmalogical manipulation were
excluded.

. Since this study sought to globally delineate the female sexual brain

response, experiments involving women during all phases of the menstrual
cycle were included. Therefore, hormonal contraception was not
considered an exclusion criterion.

. Experiments involving men were only included either if (1) the analogous
within-group experiment had also been performed in women, or if (2) the
experiments comprised direct group (men vs. women) comparisons.

On the basis of these search criteria, 24 studies were found to be eligible for inclusion into
the meta-analyses (cf., Tables 1-3). Sensory modalities included visual, tactile, and olfactory
sexual stimulation. The employed putative pheromones and human sex-steroid-derived
compounds (4,16-androstadien-3-one and oestra-1,3,5(10),16-tetraen-3-ol) have been shown
to introduce sex-specific effects and to increase sexual arousal (Bensafi et al., 2004). Only
functional magnetic resonance imaging (fMRI) and PET but no arterial spin labeling (ASL)
or magnetoencephalography (MEG; which might considerably differ from fMRI and PET
with regard to spatial uncertainty) studies fulfilled our search criteria. Conceptually, it is
unproblematic to include both fMRI and PET techniques, because there should be no
systematic bias. Although cluster sizes may be larger in PET than in fMRI, activation peaks
should not systematically differ (Eickhoff et al., 2009; Feng et al., 2004; Nickerson et al.,
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2001; Xiong et al., 1998). Together, these studies reported 712 activation foci obtained from
53 individual within-group contrasts in men or women and 190 activation foci obtained from
26 between-group experiments (with a “study” referring to a paper, an “experiment”
referring to an individual contrast reported in this paper). Only 29 deactivation foci obtained
from 15 within-group experiments were reported, preventing any further analyses on
deactivations. Differences in coordinate spaces (Talairach vs. MNI space) were accounted
for by transforming coordinates reported in Talairach space into MNI coordinates using a
linear transformation (Laird et al., 2010; Lancaster et al., 2007). There was no evidence of
systematic bias with respect to age (cf., Supplementary Tables).

2.2. Meta-analytic conception

Convergence of reported activation coordinates was analyzed for the main effects of sexual
stimulation in women, irrespective of stimulus modality (32 within-group experiments, 498
foci; cf., Table 1).

Furthermore, we assessed convergence of reported activation foci for commonalities and
differences between men and women, irrespective of sexual stimulus modality (cf., Tables 2
and 3). To allow for well-balanced group comparisons, only experiments with analogous
experimental design in men and women were fed into these analyses. Commonalities were
studied on basis of the respective within-group contrasts (sexual vs. control condition; 214
foci from 21 experiments in men; 281 foci from 21 experiments in women). A double-track
approach was applied with respect to group differences. First, we tested for differences in
consistency of activations by comparing within-group contrasts of men and women (sexual
vs. control condition; 214 foci from 21 experiments in men; 281 foci from 21 experiments in
women; cf., Table 2). Second, consistent differences in activations were analyzed by meta-
analyses over experiments reporting between-group differences (sexual vs. control
condition; 175 foci from 13 experiments for men vs. women; cf., Table 3). Due to the
negligible number of coordinates for greater activations in women compared to men (sexual
vs. control condition; 15 foci from 13 experiments for women vs. men), no meaningful
meta-analysis could be computed for this contrast.

It has been hypothesized that sex differences in the neural response to sexual stimuli may be
specific to the visual modality (Stoléru et al., 2012). Therefore, the meta-analyses comparing
both groups were additionally conducted with restriction to experiments using visual sexual
stimuli. That is, we further assessed commonalities between men and women (sexual vs.
control condition; 193 foci from 12 experiments in men; 253 foci from 12 experiments in
women), meta-analytic differences using the same pool of experiments, and between-group
contrasts in the original articles (171 foci from 12 experiments for men vs. women) with
restriction to experiments using visual sexual stimuli (cf., Tables 2 and 3).

2.3. Activation likelihood estimation (ALE)

All meta-analyses were carried out using the revised ALE algorithm for coordinate-based
meta-analysis of neuroimaging results (Eickhoff et al., 2012; Turkeltaub et al., 2012). This
algorithm aims to identify areas with a convergence of reported coordinates across
experiments that is higher than expected from a random spatial association. Reported foci
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are treated as centers of 3D Gaussian probability distributions capturing the spatial
uncertainty associated with each focus (Eickhoff et al., 2009). Here, the between-subject
variance is weighted by the number of participants per study, since larger sample sizes
should provide more reliable approximations of the “true” activation effect and should
therefore be modeled by “narrower” Gaussian distributions.

Subsequently, probabilities of all foci reported of a given experiment were combined for
each voxel, yielding a modeled activation (MA) map (Turkeltaub et al., 2012). Voxelwise
ALE scores (union across these MA maps) then quantified the convergence across
experiments at each location in the brain. To distinguish “true” from random convergence,
ALE scores were compared to an empirical null distribution reflecting a random spatial
association among all MA maps. The resulting random-effects inference focuses on the
above-chance convergence across studies rather than the clustering within a particular study
(Eickhoff et al., 2009). This null hypothesis was derived by computing the distribution that
would be obtained when sampling a voxel at random from each of the MA maps and taking
the union of these values in the same manner as for the (spatially contingent) voxels in the
original analysis (Eickhoff et al., 2012). The p value of a “true” ALE score was then given
by the proportion of equal or higher values obtained under the null distribution. The
resulting nonparametric p values were then assessed at a familywise error (FWE) corrected
threshold of p < 0.05 on cluster level (cluster-forming threshold: p < 0.001 at voxel level)
and transformed into z scores for display (Eickhoff et al., 2012).

2.4. Differences and conjunction analyses

Differences in consistency during sexual stimulation between men and women were tested
by first performing separate ALE meta-analyses for both groups and computing the
voxelwise difference between the ensuing ALE maps. The experiments contributing to either
analysis were then pooled and randomly divided into two groups of the same size as the sets
of contrasted experiments (Eickhoff et al., 2011). Voxelwise ALE scores for these two
randomly assembled groups were subtracted from each other and recorded. Repeating this
process 10,000 times yielded an empirical null distribution of ALE-score differences
between the two conditions. Based on this permutation procedure, the map of true
differences was then thresholded at a posterior probability of p > 0.95 for a true difference
between the two samples. Surviving voxels were inclusively masked by the respective main
effect, i.e., the significant effect of the ALE analysis for the minuend (Caspers et al., 2010;
Eickhoff et al., 2011; Rottschy et al., 2012). In addition, a cluster extent threshold of k = 10
voxels was applied to eliminate minor, presumably incidental findings. A conjunction
analysis testing for convergence between the two different meta-analyses (men and women
during sexual stimulation) employed inference by the minimum statistic, i.e., computing
intersection of the thresholded z maps (Caspers et al., 2010).

2.5. Anatomical labeling

For macroanatomical labeling, the resulting brain regions were related to the probabilistic
Harvard-Oxford atlas (Desikan et al., 2006) as provided by FSLView v3.1 (http://
www.fmrib.ox.ac.uk/fsl/fslview/index.html). For microanatomical labeling, we capitalized
on cytoarchitectonic maps of the human brain provided by the SPM Anatomy Toolbox
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(Eickhoff et al., 2005, 2006, 2007). Clusters were thus assigned to the most probable
histologically defined area at the respective location. This probabilistic histology-based
anatomical labeling is reported in each respective table. References to details regarding
cytoarchitecture are given in the respective table notes.

3.1. Functional neuroanatomy of sexual stimulation in women

Across 32 within-group experiments (i.e., individual contrasts), convergent brain activations
during sexual stimulation in women, irrespective of stimulus modality, were observed in a
widespread network of cortical and subcortical brain areas (cf., Figure 1 and, also for
histological assignment, Table 4). Corresponding to a majority of visual experiments (~%;)
and in spite of the fact that virtually all of these experiments represented contrasts
controlling for visual input, robust activity was found bilaterally in occipitotemporal visual
association cortices. Also the LPFC exhibited bilaterally increased activity. Significant
convergence of activation in the anterior insula, IPL, and premotor cortex, in contrast, was
restricted to the left hemisphere. Furthermore, activations converged in two midline regions,
more specifically the dorsal anterior and middle cingulate cortex (JACC/MCC). Finally, a
large subcortical cluster of convergence comprised bilaterally the amygdala and pallidum as
well as thalamus, hypothalamus, and midbrain.

3.2. Common functional neuroanatomy of sexual stimulation in women and men

The conjunction analysis revealed a significant overlap between the meta-analyses on sexual
stimulation in men and in women, irrespective of stimulus modality, in the right
occipitotemporal cortex, bilaterally in the LPFC, dACC, left ventral striatum, and
hypothalamus (cf., Figure 2 and Table 5).

When restricted to experiments employing visual sexual stimulation, the conjunction
analysis showed significant overlap in all aforementioned cortical areas, i.e., right OTC,
bilaterally in the LPFC, and in the dACC, but not in ventral striatum and hypothalamus (cf.,
Figure 2 and Table 6).

3.3. Differences in the functional neuroanatomy of sexual stimulation in women and men

Subtraction analyses between brain activations elicited by sexual stimulation in men and
those related to sexual stimulation in women, irrespective of stimulus modality, revealed
significantly different strengths in convergent activity only in subcortical areas. While sexual
stimulation in men was significantly stronger associated with activity in the mediodorsal
thalamus, sexual stimulation in women was significantly more strongly associated with
activity in the left caudate head and ventromedial pallidum (cf., Figure 3 and Table 5). The
analogous analyses with restriction to experiments employing visual sexual stimuli revealed
significantly stronger convergence in the hypothalamus and mammillary bodies for men,
while no significantly stronger association with activity in any brain region could be found
for women (cf., Figure 3 and Table 6).
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In a second approach, we assessed sex differences in brain activations during sexual
stimulation on the basis of experiments reporting direct group comparisons. Here, our meta-
analysis identified the mediodorsal thalamus as the region where men consistently exhibit
stronger activity during sexual stimulation (cf., Figure 4 and Table 5). The analogous meta-
analysis with restriction to visual experiments likewise demonstrated a significantly
consistently stronger activity of the thalamus in men as compared to women (cf., Figure 4
and Table 6). The reverse analyses, i.e. with respect to stronger activity in women as
compared to men, could not be performed due to a negligible number of foci.

In summary, the meta-analyses of between-group contrasts indicated stronger activity of the
thalamus during sexual stimulation in men, but no stronger activity of any brain region in
women. The meta-analytic contrasts comparing within-group experiments also revealed
significantly more consistent activity of the thalamus in men related to sexual stimulus
processing. In turn, more consistent activity in women was detected in left caudate and
pallidum. Finally, assessment of meta-analytic contrasts during v/sualsexual stimulation
only demonstrated significantly more consistent activity of the mammillary bodies and
hypothalamus in men, but not of any brain region in women.

4. Discussion

4.1. General comment

The present study assessed the functional neuroanatomy of sexual stimulation in women and
the differences to that of men in order to elucidate neurobiobehavioral sex differences in
neural sexual stimulus processing. ALE meta-analyses on sexual stimulation in women and
men revealed statistically significant differences between the sexes that were restricted to
subcortical regions. These differences are unlikely due to variations in hormone levels of
women because hormone cycle-related changes in the female brain response to sexual
stimuli have been shown exclusively for cortical regions (Abler et al., 2013; Gizewski et al.,
2006; Zhu et al., 2010). In contrast, our meta-analyses demonstrated that corresponding
networks of both sexes also share subcortical structures but mainly overlap within cortical
regions. Furthermore, studies on the modulation of brain responses to sexual stimuli by
female sexual hormones concluded that hormonal influences are weak and subjects’ sex
exerts greater influence on neural activations patterns (Abler et al., 2013; Gizewski et al.,
2006). In addition, there was a considerable variability in hormonal status of female subjects
included in the meta-analyses (cf. Tables 1-3). Differences in hormonal status and their
potential effects on neural activity are hence to be regarded as a hon-systematic source of
variance in the female subjects. It should thus be harder to identify consistent differences
between men and women due to increased variance in the female group. That we
(nonetheless) found robust sex differences in brain responses to sexual stimuli can — in
summary — not be well explained by hormonal status. This conclusion based on data from
human subjects seems to be in line with recent studies in animals suggesting that the estrous
cycle in mice and rats also is not a major contributor to sex differences in behavior,
physiology, and gene expression (Arnold et al., 2016; Becker et al., 2016; Itoh and Arnold,
2015; Prendergast et al., 2014). However, there is also evidence that female rodent sexual
receptive behavior is tied to the estrous cycle (Clark et al., 2004; Nomoto and Lima, 2015;
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Zinck and Lima, 2013), although the latter in turn may be dependent on the presence of
males (Féron and Gheusi, 2003).

Another factor potentially influencing (sex differences in) brain activity is subjective sexual
arousal during sexual stimulation. It has to be noted that information on potential group
differences in subjective sexual arousal was not available for 38% of matched within-group
experiment pairs and 19% of the matched pairs reported significant sex differences in
subjective ratings (pointing to greater subjective sexual arousal in men) (cf. Table 2). A
similar pattern could be observed for experiments relying on direct between-group
comparisons (54% not available, significant differences in 31%; cf. Table 3). Although
ratings did not differ significantly in 43% of the experiment pairs (15% for direct between-
group comparisons), it might yet be argued that sex differences in subjective sexual arousal
account for the sex differences in brain response to (visual) sexual stimuli. This assertion
depends on the unavailable data of subjective responses though. However, a seminal study
on sex differences in brain responses to visual sexual stimuli reported that results were
independent of subjective sexual arousal (Hamann et al., 2004). More specifically, sex
differences in brain activity were not only observed when comparing men with women
rating the experimental stimuli equally, but remained stable even when women reported
greater subjective sexual arousal (Hamann et al., 2004). Remarkably, higher activity was
located to hypothalamus and thalamus (as well as amygdala), i.e., particularly in regions that
also emerged in our meta-analyses, although this study could not be included due to its
statistical region-of-interest approach and did hence not contribute to the meta-analytic
results. This agreement of both independent and complementary approaches (meta-analytic
and region-of-interest taking into account subjective responses) speaks against sex
differences in brain activation originating from (potential) sex differences in subjective
sexual arousal in the meta-analyses.

Finally, sex differences localized to subcortical regions. Reliable detection of activity in
subcortical regions during sexual processing by fMRI may be difficult due to limited spatial
resolution and modest signal-to-noise ratios (Walter et al., 2008b). These limitations could
represent a general issue resulting in lower sensitivity with respect to particularly small
structures as the hypothalamus. That is, this potential low sensitivity could entail oversight
of activations but does in contrast not point to sex differences in subcortical activations being
false positives. Moreover, these limitations apply to experiments in both men and women
because included experiments were matched with respect to design, paradigm, and imaging
parameters (cf., Tables 2 and 3). Hence, differences in activation between men and women
cannot be explained by these variables.

In summary, there is little evidence suggesting the observed sex differences in subcortical
activations can be attributed to subjective (perceived sexual arousal), objective (hormonal
status), or technical (experimental design and imaging parameters) factors. They rather seem
to represent distinctive neural features associated with male or female processing of sexual
stimuli as follows.
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4.2. Neural network for sexual stimulus-driven processing in women

The meta-analysis of the female functional neuroanatomy of sexual stimulus-driven
processing, based on within-group contrasts, demonstrates that sexual stimulation recruits a
broad network of cortical and subcortical brain regions in heterosexual women. This female
brain response to sexual stimuli is in agreement with results of previous meta-analyses of
neural activity during visual sexual stimulation in men (Kihn and Gallinat, 2011; Poeppl et
al., 2014; Stoléru et al., 2012). Convergence of activation foci in occipitotemporal visual
cortices has been supposed to reflect attentional enhancement of visual processing that is
triggered by the behavioral saliency of the sexual stimulus but is not specific to its sexual
nature (Kastner et al., 1999; Poeppl et al., 2014). Accordingly, OTC activity has been related
to cognitive attentional and appraisal mechanisms in this context, modulated by top-down
signals of the IPL in terms of attentional control (Culham and Kanwisher, 2001; Kastner et
al., 1999; Poeppl et al., 2014; Stoléru et al., 2012). Attentional modulation mediated by the
IPL is likely to be triggered by the LPFC, which plays a pivotal role in encoding of
category-based reward information and therefore presumably also sexual input (Freedman et
al., 2001; Pan et al., 2008; Poeppl et al., 2014).

The consistent bilateral activation of the amygdala, as also here observed in the ALE
analysis of within-group results in women during sexual stimulation, has been assigned to
the emotional component of the neurophenomenological model of sexual arousal (Stoléru et
al., 2012). More specifically, the amygdala may impel attentional modulation during sexual
stimulation due to its critical function in social and emotional relevance detection
irrespective of the modality of sensory input and due to its role as a coordinator of brain
networks evaluating stimulus significance (Ball et al., 2007; Bzdok et al., 2011; Pessoa and
Adolphs, 2010). This view is corroborated by evidence that amygdala activity reflects only a
general emotional component during sexual stimulus processing but is not modulated by the
stimulus’ specific sexual intensity (Walter et al., 2008a). In the same vein, convergent
activation observed in the mediodorsal thalamus should cohere to a general feeling of
pleasure during sexual stimulation, according to its correlation with subjective emotional
involvement but not perceived sexual intensity (Walter et al., 2008a). In contrast, another
diencephalic structure, the hypothalamus, may reflect more specific effects of sexual
intensity since its activity correlates with subjective sexual valence (Karama et al., 2002;
Walter et al., 2008a). Moreover, it is assumed to trigger autonomic responses to sexual
stimuli (Ferretti et al., 2005).

Similarly, the basal ganglia, where we located convergent activity, have been shown to
feature activity that is specific to sexual intensity (Walter et al., 2008a). In consideration of
their involvement in the functional anatomy of urges (Jackson et al., 2011), the basal ganglia
have been implicated in the regulation of sexual urge, i.e. desire (Karama et al., 2002;
Redouté et al., 2000; Stoléru et al., 1999). The basal ganglia hold strong structural and
functional connections with motor areas (Draganski et al., 2008; Postuma, 2006).
Corticobasal ganglia loops are believed to mediate the perceived urge to express sexual
behavior and therefore sexual motivation (Kiihn and Gallinat, 2011; Stoléru, 2014; Tanaka et
al., 2004). Sexual motivation in turn modulates excitability of motor cortices (Schecklmann
et al., 2015), where we observed convergence of activation during sexual stimulation in
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women. This reflection of sexual motivation in motor cortex excitability provides evidence
for motor preparation processes in sexual behavior in humans (Schecklmann et al., 2015;
Stoléru, 2014). Convergent activity in the dACC and MCC should also contribute to sexual
motivation given the connectivity of both structures with LPFC and premotor areas
(Beckmann et al., 2009; Etkin et al., 2011). Accordingly, their important role in the
regulation and elicitation of behavioral responses has been stressed (Etkin et al., 2011),
which is in line with the involvement of the MCC (together with LPFC and premotor areas)
in intentional initiation of behavior (Hoffstaedter et al., 2014). In the context of sexual
behavior, the correlation of aMCC activity with penile erection suggests that the aMCC
controls the initiation of (copulatory) behavior, i.e., action toward sexual urges (Poeppl et al.,
2014). Activity of the anterior insular cortex is assumed to be particularly associated with
the awareness of “urges for action” (Jackson et al., 2011), which certainly applies in a
similar way to sexual desire. This notion is endorsed by the convergence of activation foci in
the right (but not left) anterior insula, as right-sided insular activity may represent “aroused”
and “sympathetic” feelings according to the asymmetric emotional processing of the insula
(Craig, 2005).

In summary, our ALE meta-analysis in heterosexual women during sexual stimulation
supports previous neurobehavioral models of sexual processing established for men (Poeppl
et al., 2014; Stoléru et al., 2012) and extends them to female subjects. These models propose
the recruitment of brain regions for cognitive evaluation (LPFC), top-down modulation of
attention and sensory processing (IPL, occipitotemporal cortex), relevance detection and
affective evaluation (amygdala, thalamus), as well as regions involved in the representation
of urges (basal ganglia, dACC/aMCC, insular cortex) and in triggering autonomic responses
(hypothalamus) and are derived from neuroimaging in heterosexual men. In this regard, the
corresponding functional neuroanatomy in women is hence comparable to that in men
(Poeppl et al., 2014; Stoléru et al., 2012).

4.3. Common (“unisex”) neural sexual networks in women and men

The conjunction analysis substantiated similarly consistent activity in the left OTC, the
bilateral LPFC, the dACC, hypothalamus, and ventral striatum in men and women (cf., Table
5). Translated into the neurophenomenological model of sexual arousal (Stoléru et al.,
2012), men and women thus in principle share cognitive (OTC, LPFC), motivational (dACC,
hypothalamus, ventral striatum), and autonomic/endocrine (dACC, hypothalamus)
components. More specifically, this overlap suggests that during sexual stimulation both
sexes are similarly equipped with cognitive top-down control mechanisms over motivational
systems according to known integration of motivation by the LPFC through interaction with
the dACC (Kouneiher et al., 2009). Together with the OTC, hypothalamus and ventral
striatum, these regions are constituents of a neural reward circuit, wherein activity in the
OTC and hypothalamus seems to be specific to erotic rewards as revealed by previous meta-
analyses (Sescousse et al., 2013). Moreover, activations in the two latter regions have been
found to represent specific sexual intensity and were related to sexual intensity ratings in
both sexes (Walter et al., 2008a).
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In contrast, no common convergent activity of hypothalamus or ventral striatum could be
demonstrated in the conjunction analysis restricted to visualsexual stimuli (cf., Table 6).
Although this might be due to the comparably low number of included experiments relative
to the modality-independent conjunction analysis, this finding points to sex differences in
both regions during stimulation by visualsexual stimuli. With respect to the hypothalamus,
such difference would meta-analytically confirm previous evidence for stronger response to
visual sexual stimuli in men as compared to women from a hypothesis-driven region-of-
interest analysis using fMRI (Hamann et al., 2004).

These findings also underline the involvement of higher cortical areas such as the extrastriate
visual cortex in sexual arousal of both men and women. In rodents, by contrast, pheromonal
signals which are processed via direct inputs from the olfactory bulbs to the medial
amygdala and on to the hypothalamus (without cortical involvement) have been established
as critical determinants of sexual motivation and/or mating performance (Sakuma, 2008).
This may account for the absence of any significant cortical role in rodent sexual arousal in
either sex. In contrast, sexual preference is exclusively controlled by subcortical regions in
both rodents and humans (Balthazart, 2016; Poeppl et al., 2016; Sakuma, 2008).

The brain regions that consistently respond to sexual stimuli in men and women according to
our meta-analyses might be considered as potential targets for manipulations in an effort to
modulate sexual arousal. Such an approach could also specify the neural circuits that
actually control sexual arousal as well as mating behavior in men and women. Moreover,
brain stimulation protocols targeting the reported regions could be of therapeutic use for
hyper- or hyposexual syndromes. In fact, deep brain stimulation of the hypothalamus has
been discussed as an option to reduce sexual drive (Fuss et al., 2015). However, our results
suggest that manipulation of superficial cortical areas such as the LPFC might be an
alternative that can easily be implemented by non-invasive methods such as transcranial
magnetic or direct-current stimulation.

4.4. Sex differences in neural processing of sexual stimuli

While no sex-specific differences within the hypothalamus could be ascertained by the
modality-independent meta-analytic contrast (comparing within-group experiments), the
analogous analysis with restriction to visual sexual stimuli showed sex-specific effects in
this region. This result validates the absent activation overlap in the hypothalamus in the
conjunction analysis with respect to visual sexual stimuli. The lack of sex-specific
differences in the modality-independent analysis may be interpreted as indicative of a
greater role of visual stimuli in male sexual behavior and moreover of responsiveness to a
wider variety of sexual stimuli in women (Chivers et al., 2007; Georgiadis and Kringelbach,
2012; Laumann et al., 1994). The hypothalamus plays a pivotal role in human sexual
behavior and is presumably in particular involved in the regulation of autonomic responses
(Saper and Lowell, 2014). More precisely, the hypothalamus is believed to #riggerthe
physiological aspects of sexual arousal, e.g. penile erection (Ferretti et al., 2005; Poeppl et
al., 2014). At the same time, its activity has been shown to positively correlate with
subjective specific sexual intensity of a visual sexual stimulus (Walter et al., 2008a). Yet,
stronger hypothalamic activation in response to visual sexual stimuli was reported in men
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than in women, even when women reported greater subjective arousal (Hamann et al., 2004).
This finding is corroborated by our meta-analysis and points to a stronger relationship
between subjective and physiological sexual arousal in men than in women. In accordance
with this interpretation, correlations between subjective and physiological sexual arousal,
robustly present in men (Chivers et al., 2010), have been reported to be low or even non-
significant in women (Laan et al., 1994; Vilarinho et al., 2014). Moreover, agreement of self-
reported and genital measures of sexual arousal is in fact significantly greater in men than in
women (Chivers et al., 2010; Suschinsky et al., 2009). This may be based on low impact of
peripheral feedback from consciously detected genital arousal on subjective sexual arousal
in women (Laan et al., 1995, 1994). Interestingly, even negative affect during visual sexual
stimulation can be positively associated with genital response in women (Peterson and
Janssen, 2007). This is in line with the remarkable finding that in women implicit negative
and disgust-related associations pertaining to explicit visual sexual stimuli predict strong
responses in regions implicated in visual sexual processing, but not the hypothalamus (Borg
et al., 2014a). Taken together, it may be inferred that the hypothalamus acts more
autonomously and dissociatedly from other sexual processing-regions during visual sexual
stimulation in women than in men. Such sex-specific hypothalamic autarchy may rest upon
sex differences in the morphology and connectivity of this structure (Byne, 1998; Hines,
2010; Ibanez et al., 2001; Kilpatrick et al., 2006; Lenz and McCarthy, 2010; Makris et al.,
2013; Pérez et al., 1990; Sa and Madeira, 2005; Wang et al., 2014). Furthermore, given its
neuroanatomical specificity relating to sexual orientation and functional relevance for
encoding sexual preferences (Balthazart, 2016; Bao and Swaab, 2011; LeVay, 2011; Poeppl
et al., 2016), the sex differences in hypothalamus activation during sexual stimulation might
well be represent the neural correlate of behavioral findings pointing to a less distinct sexual
orientation in women (Bailey, 2009).

The mammillary bodies, canonically considered part of the hypothalamus, have received
considerably less attention with respect to the central processing of sexual stimuli but
featured another maximum difference of convergence between sexes in our analysis. This
difference reinforces the importance of the mammillary nuclei in male (but not female)
sexual behavior, which could be based on sex differences in local distribution of androgen
receptors in this region, irrespective of sexual orientation (Fernandez-Guasti et al., 2000;
Kruijver et al., 2001; Swaab et al., 2001). While it is possible to distinguish the local
maximum of convergent activation in the mammillary bodies from that in the (more anterior)
hypothalamus, the limited resolution of fMRI and PET prohibits the allocation to distinct
subnuclei. The more consistent activation of the hypothalamus in men mainly comprised its
anterior part and might hence relate to the (medial) preoptic region rather than the
ventromedial nucleus. Such specificity in the neural correlates of human sexual behavior
would confirm animal studies suggesting that the preoptic region is essential to male sexual
behavior, while the ventromedial nucleus of the hypothalamus is more associated with
female sexual behavior (Aou et al., 1988; Oomura et al., 1983; Rand and Crews, 1994).
More specifically, animal literature described the effects of forebrain lesions as well as
forebrain steroid hormone implants on the expression of mating in male and female rodents
and monitored mating-induced immediate-early gene expression in the forebrains of male
and female rodents. These animal studies point to the medial preoptic area (male) and the
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ventromedial nucleus (female) subdivisions of the hypothalamus as critical segments in the
circuitry controlling male- and female-typical sexual arousal, respectively, that is shown in
response to pheromonal, visual, and auditory stimuli from opposite-sex conspecifics
(Alekseyenko et al., 2007; Crews et al., 1993; Melo et al., 2008; Nyby et al., 1992; Robarts
and Baum, 2007; Tetel et al., 1994).

It has to be noted that the sex differences in behavioral response to sexual stimuli discussed
above were without exception reported in studies employing visualsexual stimuli. They may
thus be regarded as either cause for or consequence of sex differences in attending to
different aspects of the same visual sexual stimuli, which in turn has been interpreted as pre-
existing cognitive biases possibly contributing to sex differences in neural, subjective, and
physiological arousal (Rupp and Wallen, 2007). In fact, women consider olfactory (in
comparison with visual, auditory, and tactile) information the most important variable for
their sexual responsivity, while this seems not true for men (Herz and Cahill, 1997). This
behavioral difference may be explained by sexual dimorphism in the human olfactory bulb
that contains more neurons and glial cells in women than in men (Oliveira-Pinto et al.,
2014). Since the hypothalamus is activated during olfactorily induced sexual arousal also in
men (Huh et al., 2008), the lack of sex differences in hypothalamic activity in our modality-
independent meta-analysis is coherent, given that a considerable portion of the included
experiments employed olfactory stimulation.

In contrast to the relative underactivation of the hypothalamus in women, we observed more
consistent activity in a left-hemispheric cluster comprising the caudate head and the
ventromedial pallidum. Recent topographical models of basal ganglia functions based on
quantitative neuroimaging meta-analyses have provided convincing evidence for motor,
cognitive, affective, and somatosensory subdivisions of the basal ganglia (Arsalidou et al.,
2013). Here, the left medial pallidum was associated with emation, the left caudate head in
turn with reward (Arsalidou et al., 2013). Moreover, meta-analytic connectivity modeling
(MACM) with behavioral filtering localized cognition- and emotion-related networks to the
caudate head (Robinson et al., 2012). Notably, both caudate nucleus and ventral pallidum
have also been described as critical mediators of rodents’ pair bonding, implicating
emotional and social attachment, regulated by oxytocin and the opioid system (Burkett et al.,
2011; Young and Wang, 2004). These findings from animal research are corroborated by the
association of romantic love as a model for mammalian mate choice with activity of the left
caudate head and ventral pallidum (Acevedo et al., 2012; Aron et al., 2005; Bartels and Zeki,
2000; Fisher et al., 2006). Hence, sexual stimulation seems to activate key regions for
emotional attachment and pair bonding more consistently in women than in men. This
functional difference may be based on sexual dimorphism in pallidum and caudate nucleus;
gray matter volume of the latter has also been found to be negatively associated with X-
chromosomes (Lentini et al., 2012; Rijpkema et al., 2012). Neither region is implicated in
conscious emotion regulation (Frank et al., 2014; Kohn et al., 2014). Hence, emotion-related
mechanisms associated with differential recruitment of left caudate head and medial
pallidum during sexual stimulation according to our meta-analysis should operate
unconsciously in women.
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The striatum and particularly the medial globus pallidus project to the thalamus (Alexander
and Crutcher, 1990; Draganski et al., 2008; Postuma, 2006), where we most robustly
observed stronger and more consistent activity during sexual stimulation in men than in
women. It was commonly believed that medial pallidal neurons first and foremost send
inhibitory GABAergic projections to thalamic motor nuclei such as the ventral anterior and
lateral anterior nuclear complex (Alexander and Crutcher, 1990). More recent research,
however, segregated motor, limbic, and cognitive basal ganglia-thalamostriatal loops (Smith
et al., 2004). Moreover, inhibitory GABAergic neurons of the ventromedial pallidum project
to the mediodorsal thalamus (Root et al., 2015). We found less consistent and reduced
activity in this very thalamic subregion and concomitantly more consistent activity in the
ventromedial pallidum in women as compared to men. It thus seems likely that in women
(but not men) activity of the thalamus is inhibited under influence of the medial pallidum
during sexual stimulation. Yet, the direction of interdependence of these subcortical regions
exhibiting sex-specific activity during sexual processing remains unclear due to the lack of
information on their effective connectivity.

In the context of sexual arousal, it has been proposed that activation in the mediodorsal
thalamus is associated only with a general emotional component (Walter et al., 2008a). In
line with this notion, the mediodorsal nucleus is considered a part of the “limbic thalamus”
that signals relevant information in a neural circuit encompassing the laterobasal amygdala
and the prefrontal cortex (Vertes et al., 2015; Wolff et al., 2015). However, the mediodorsal
thalamus has also been implicated in cognition including memory processes and is
considered a higher order thalamic relay nucleus important for learning due to its extensive
excitatory cortico-thalamo-cortical connections with the prefrontal cortex (Mitchell, 2015).
In concordance with this coincidence of cognitive and affective signaling in the mediodorsal
thalamus, appetitive conditioning has been associated with hemodynamic responses in the
thalamus (Klucken et al., 2013). In fact, activity of the thalamus during conditioning of
sexual arousal occurred in men but not women (Klucken et al., 2009). The consistently
stronger activation of the thalamus in men according to our meta-analyses might thus reflect
proposed relative proneness to sexual conditioning in men as compared to women (Klucken
et al., 2009; Letourneau and O’Donohue, 1997). Interestingly, while there is generally also
support for unconscious sexual conditionability in women, available evidence seems to
relate more robustly to genital rather than emaotional-subjective responses (Both et al., 2008).

4.5. Conclusions

The current meta-analysis of brain activity in healthy heterosexual women during sexual
stimulation demonstrated involvement of brain regions for cognitive evaluation (LPFC), top-
down modulation of attention and sensory processing (IPL, OTC), relevance detection and
affective evaluation (amygdala, thalamus), as well as regions implicated in the representation
of urges (basal ganglia, dACC/aMCC, insular cortex) and in triggering autonomic responses
(hypothalamus). The functional neuroanatomy of sexual stimulation in women is thus in
general very comparable to that in men. This consensus is most evident in the right OTC,
dACC, and bilateral prefrontal cortex, pointing to similar cognitive processing of sexual
stimuli in both sexes. However, less consistent activation of the hypothalamus in women
may indicate less relevance of peripheral feedback from consciously detected genital arousal

Front Neuroendocrinol. Author manuscript; available in PMC 2017 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Poeppl et al.

Page 17

on subjective sexual arousal in women and represent the neurobiological basis of known
poor agreement between self-reported and genital measures of female sexual arousal in
women. More consistent activation of the mediodorsal thalamus in men suggests differential
affective learning processes during sexual stimulation including previously proposed male
proneness to affective sexual conditioning. In contrast, more consistent recruitment of the
caudate head and ventromedial pallidum in the female brain, two key regions mediating
emotional and social attachment, may imply unconscious activation of bonding mechanisms
during sexual stimulation in women. Neurofunctional sex differences during sexual
stimulation can thus account for well-established sex differences on the behavioral level.
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Highlights

. Similar activity of occipitotemporal, dorsal anterior cingulate, and
lateral prefrontal cortex in both sexes

. Less consistent activation of hypothalamus and mammillary bodies in
women

. Higher and more consistent activation of the thalamus in men

. More consistent recruitment of caudate head and ventromedial

pallidum in women

. Neurofunctional sex differences complement the well-established
behavioral sex differences
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Figure 1. Functional neuroanatomy of sexual stimulation in women
Significant clusters where the ALE analysis revealed significant convergence of brain

activations (p < 0.05, FWE corrected on cluster level) during sexual stimulation in healthy
heterosexual women (cf. Table 4). Brain slices are shown at coordinates (x, y, z) in MNI
space.

ALE, activation likelihood estimation; dACC, dorsal anterior cingulate cortex; FWE,
familywise error; IPL, inferior parietal lobule; LPFC, lateral prefrontal cortex; MCC, middle
cingulate cortex; MNI, Montreal Neurological Institute; OTC, occipitotemporal cortex.

Front Neuroendocrinol. Author manuscript; available in PMC 2017 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 28

-~
s . s
: D
Hypothalamus Ventral striatum
y=-2 y=

0 F 5

£ 2% _

y =-2 y =

Figure 2. Common functional neuroanatomy of sexual stimulation in women and men
Locations of significant convergent brain activity (p < 0.05, FWE corrected on cluster level)

in both healthy heterosexual women and men as revealed by conjunction (2 N &) analyses
(cf. Tables 5/6). Upper row (violet): modality-independent convergence. Lower row
(magenta): convergence for visual sexual stimulation.

Brain slices are shown at coordinates (X, y, z) in MNI space. dACC, dorsal anterior cingulate
cortex; FWE, familywise error; LPFC, lateral prefrontal cortex; MNI, Montreal
Neurological Institute; OTC, occipitotemporal cortex.
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Figure 3. Differences in consistency of the functional neuroanatomy of sexual stimulation
between women and men

Comparison of brain activity between healthy heterosexual women and men as revealed by
subtraction (& > @, ? > d) analyses (cf. Tables 5/6). Significance threshold set to p > 0.95
posterior probability, cluster size k = 10 voxels. Upper row: modality-independent
differences. Lower row: differences for visual sexual stimulation. Brain slices are shown at
coordinates (X, y, z) in MNI space.

MNI, Montreal Neurological Institute; OFC, orbitofrontal cortex.
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Figure 4. Consistent differences in the functional neuroanatomy of sexual stimulation between
women and men
ALE analysis revealed significant convergence of differential brain activations (p < 0.05,

FWE corrected on cluster level) during sexual stimulation in the thalamus in healthy
heterosexual women and men. Modality-independent analysis and analysis restricted to
visual sexual stimulation showed similar results (cf. Tables 5/6). Brain slices are shown at
coordinates (X, y, z) in MNI space.

ALE, activation likelihood estimation; FWE, familywise error; MNI, Montreal Neurological
Institute.
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Table 4

Brain activations during sexual stimulation in women

Macroanatomical Location Cytoarchitectonic Location  Cluster Size in Voxels MNI Coordinates  Z Score
X y z
L Pallidum 1081 -8 -6 7.14
L Amygdala LB =22 -4 -16 5.45
R Amygdala SF 20 0 -18 4.75
R Midbrain 8 -22 -14 4.74
R Pallidum 14 -4 -8 4.65
R Hypothalamus 8 -4 -4 4.27
R Thalamus (Temporal) 8 -18 10 4.23
R Midbrain 6 -28 -6 4.10
L Thalamus (Prefrontal) -4 -12 2 4.08
R Occipitotemporal cortex 516 48 -68 -4 7.45
L Lateral prefrontal cortex Area 44 367 -50 6 30 8.24
Middle cingulate cortex 357 2 12 30 4.50
Dorsal anterior cingulate cortex 0 22 24 4.44
R Lateral prefrontal cortex Area 44 326 48 8 26 7.45
L Occipitotemporal cortex hOc5 282 -48 -T2 -6 6.13
L Inferior parietal lobule Area PFt 148 -58 -26 34 4.71
L Premotor cortex 137 -28 -4 50 6.60
L Anterior insula 132 -32 22 6 5.43
L Midbrain 123 -8 -24 -12 5.10

Page 40

Convergent brain activations during sexual stimulation according to activation likelihood estimation (ALE) across 32 experiments in healthy

heterosexual women (cf. Table 1).

FWE corrected on cluster level (p < 0.05) with a cluster forming threshold of p < 0.001 (uncorrected).

FWE, familywise error; L, left; MNI, Montreal Neurological Institute; R, right.

For detailed information on cytoarchitectonics and connectivity, see publications by Amunts (Area 44, LB, SF), Behrens (Thalamus-Prefrontal/-
Temporal), Caspers (PFt), Malikovic (hOc5), and colleagues (Amunts et al., 2005, 1999; Behrens et al., 2003; Caspers et al., 2008, 2006; Malikovic

et al., 2007).
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Table 5

Comparison of brain activations during sexual stimulation between women and men

Analysis Macroanatomical Location Cytoarchitectonic Location Cluster Sizein ~ MNI Coordinates  Z Score
Voxels
X y z
R Occipitotemporal cortex hOc5 / Area FG2 223 48 -68 -6 6.95
L Lateral prefrontal cortex Area 44 198  -52 6 30 7.46
L Pallidum / Caudate / Hypothalamus 173 -6 2 -6 6.66
: R Lateral prefrontal cortex Area 44 123 50 8 26 5.27
L Premotor cortex 122 -30 -4 50 6.16
Dorsal anterior cingulate cortex 110 0 22 22 4.67
R Occipitotemporal cortex Area FG2 / hOc5 161 48  -66 -6 6.22
L Lateral prefrontal cortex Area 44 105 -52 6 30 5.23
R Lateral prefrontal cortex 67 48 8 28 4.93
2Nd Dorsal anterior cingulate cortex 61 0 22 24 4.64
L Hypothalamus 31 -4 -2 -10 3.56
L Ventral striatum -6 2 -4 3.54
L Ventral striatum -10 8 -6 335
L Caudate 15 -4 6 -10 1.79
Q > g Differences in consistency
L Pallidum -12 2 -8 1.79
o > 9 Differences in consistency ~ Thalamus (Temporal) 13 2 -12 6 1.98
Thalamus (Temporal) 255 -2 -16 12 5.28
J > @ Consistent differences Thalamus (Prefrontal) -18 -22 18 4.98
Thalamus (Temporal) 0 -8 8 3.24

Q: Convergent brain activations during sexual stimulation according to ALE across 21 experiments in healthy heterosexual women, which
equivalent experiments in heterosexual men exist for (cf. Table 2).

? N d: Conjunction analysis of ALE maps across 21 equivalent experiments on brain activations during sexual stimulation in healthy heterosexual
women and men, respectively (cf. Table 2).

Q >g/g > Q: Differences in consistency of brain activations during sexual stimulation between healthy heterosexual women and men according to
subtraction analyses of ALE maps across 21 equivalent experiments, respectively (cf. Table 2).

Jd > 9Q: Consistent differences in brain activations during sexual stimulation between women and men according to ALE across 13 experiments
reporting direct group comparisons (cf. Table 3).

Significance threshold set to p > 0.95 posterior probability, cluster size k = 10 voxels, for the subtraction analyses. For all other analyses, FWE
correction on cluster level (p < 0.05) with a cluster forming threshold of p < 0.001 (uncorrected) was applied.

ALE, activation likelihood estimation; FWE, familywise error; L, left; MNI, Montreal Neurological Institute, R, right.

For detailed information on cytoarchitectonics and conncectivity, see publications by Amunts (Area 44), Behrnes (Thalamus-Prefrontal/-Temporal),
Caspers (FG2), Malikovic (hOc5), and colleagues (Amunts et al., 1999; Behrens et al., 2003; Caspers et al., 2013; Malikovic et al., 2007).
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